A novel and convenient synthetic strategy for the preparation of magnetically responsive silica nanospheres decorated with mixed ligand protected gold nanoparticles is described. Gold nanoparticles are attached to the silica surface via stable amide bond formation. The hierarchical nanospheres show promising results as reusable and efficient catalysts for esterification reactions and they can be recovered through a simple magnetic separation.
The combination of different materials in a nanoparticle construct to create novel and multifunctional composite systems has attracted much attention due to their huge potential in various fields of application such as diagnostics and therapy, electronics and catalysis. [1] [2] [3] [4] [5] [6] Recently, our group showed that gold nanoparticles (AuNPs) protected by a monolayer composed of one hydrophobic ligand and one hydrophilic ligand containing terminal sulfonic acid head groups show catalytic potential in esterification reactions. 7 These mixed ligand coated AuNPs are only mildly dispersible in the reaction medium, so they can be recovered from the solution by centrifugation. However, this is an expensive process that becomes rather cumbersome if all particles from the reaction solution are to be removed.
Here, we present an elegant approach to recover the catalytic gold nanoparticles from the solution with a simple magnet and within a few seconds. Starting from a core@shell structure composed of superparamagnetic g-Fe 2 O 3 (maghemite) nanoparticles coated with SiO 2 and taking advantage of the chemical versatility of the silica materials, [8] [9] [10] we surface-functionalized them with amine to anchor the catalytically active AuNPs. We present the synthesis of these Fe 2 O 3 @SiO 2 @Au hierarchical nanospheres and verify that the AuNPs bonded to the silica retain their catalytic activity. These hierarchical nano-constructs lead to some benefits when compared with their gold counterparts: while the silica layer confers water dispersibility to the nanospheres, the magnetic core allows us to attract and remove them from the reaction medium by a magnet facilitating the reusability of the material. This multifunctional composite emerges as an ideal combination of silica, iron oxide and gold to obtain a recyclable and efficient catalyst for the esterification of carboxylic acids. In this study, AuNPs coated with mixed 3-mercaptopropane-1-sulfonic acid (MPSA) and octanethiol (OT) ligands are used as this combination was proven to be the most effective catalyst for esterification reactions. 7, 11 MPSA:OT covered AuNPs are synthesized using a modified version of the one-phase BrustSchiffrin method. 12 Firstly, 0.9 mmol of HAuCl 4 is dissolved in 150 mL of ethanol in a clean round-bottom flask. In a separate vial, 0.50 mmol of 3-mercapto-1-propanesulfonic acid sodium salt (MPSA) and 0.25 mmol of 1-octanethiol (OT) are mixed in 10 mL of methanol and added to the stirring gold solution. After 10 min of stirring at room temperature, 150 mL of NaBH 4 (378.1 mg) is added dropwise to the reaction flask. The reaction is stirred for 2 h more before placing it at 4 1C overnight in order to precipitate the particles. The supernatant is removed, and the particles are cleaned of impurities through sequential centrifugation in acetone, ethanol and methanol. Then, the pellet is dried overnight under vacuum. Thermogravimetric Analysis (TGA) is used to quantify the percentage of organic material on the MPSA:OT covered AuNPs. (Fig. 1) . The mass loss below 200 1C is due to solvent evaporation and corresponds to a weight loss below 1.0%. The two main stages of weight loss in the temperature ranges of 200-400 1C and 400-650 1C can be attributed to the decomposition of OT (7.5%) and MPSA (4.7%), respectively. Thus, the estimated mass percentage of the total ligand shell is B12%. A TEM image of MPSA:OT protected AuNPs is included in the inset of Once the MPSA:OT protected AuNPs are synthesized, a partial ligand exchange reaction is performed between the MPSA/OT ligands and N-hydroxysuccinimidyl 11-mercaptoundecanoate (ProChimia Surfaces) using a modified version of a method previously reported by us. 13 The concentration of N-hydroxysuccinimidyl 11-mercaptoundecanoate is adjusted in such a way that it displaces a few ligands from the surface. 14 the Fe 2 O 3 @SiO 2 @Au spheres (hereafter hierarchical nanospheres) is schematically presented in Fig. 2c .
The as-prepared hierarchical nanospheres are visualized using TEM, as shown in Fig. 3 . Clearly, the silica surface is uniformly covered with MPSA:OT protected AuNPs. It should be noted that AuNPs are successfully attached to the Fe 2 O 3 @SiO 2 nanospheres only when functionalized with N-hydroxysuccinimidyl 11-mercaptoundecanoate; a control experiment led to silica nanospheres almost free of AuNPs (ESI, † Fig. S4 ). The efficiency of the coupling reaction is remarkable given that the N-hydroxysuccinimidyl 11-mercaptoundecanoate ligand is only added to the MPSA:OT covered AuNPs only in a low fraction, indeed its signal could not be detected in 1 H NMR even after decomposition of the gold core.
To test the catalytic efficiency of hierarchical nanosphere acetylation of benzyl alcohol (BzOH) is chosen as a test reaction (ESI †) since the product benzyl acetate (BzAc) is a widely used compound in the industry as a solvent, odorant, plasticizer, and also as a precursor for many agrochemicals, pharmaceuticals, and further fine chemicals. 1 Prior to the reaction, the terminal sulfonate head groups of the ligand on the monolayer of AuNPs are acidified. The acidification process of sulfonate groups is adapted from the literature (ESI †). 1,2 Without this step, no catalytic efficiency is observed (data not shown). Sulphuric acid does not cleave the amide bonds, 20 therefore the attachment of MPSA:OT covered AuNPs to the silica surface is stable under the acidification process. The catalytic reaction is conducted in a 10 mL round-bottom flask fitted with a reflux condenser. Efficiencies are evaluated after the reaction of 270 mg (2.5 mmol) of BzOH (Sigma Aldrich, anhydrous), 300 mg (2.5 mmol) of acetic acid (AcOH) (Sigma Aldrich, 99.99% purity) and 40 mg of the hierarchical nanospheres at 100 1C for 3 h. To investigate the activities of MPSA:OT covered AuNPs and Fe 2 O 3 @SiO 2 nanospheres, 5 mg and 40 mg of particles, respectively, are used under the same conditions. After separation of the particles from the reaction medium (Fe 2 O 3 @SiO 2 and hierarchical nanospheres are recovered via external magnet while MPSA:OT covered AuNPs are separated by centrifugation) the products are analysed by means of 1 H NMR. The products are kept at À4 1C prior to analyze them simultaneously. The recovered hierarchical nanospheres are then washed with water, and poured in the acidification reaction medium again to be used in a subsequent reaction under similar conditions. This process is performed twice.
Conversion ratios of BzOH to the product BzAc are calculated as percentages in order to evaluate the catalytic efficacy of hierarchical nanospheres. The results are presented in Fig. 4 . The control experiment, which is performed without the addition of any nanoparticles, gives less than 3% conversion of BzOH to BzAc (ESI, † Fig. S5 ). Fe 2 O 3 @SiO 2 nanospheres show also similar results to the control experiment in terms of conversion efficiency (5%) as expected since Brønsted acidity of surface hydroxyl groups of the nanospheres is not strong enough to act as a source for the protons to be transferred in an acid catalysis system (ESI, † Fig. S6 ).
The hierarchical nanospheres (46%) show a much higher efficiency than MPSA:OT covered AuNPs (28%) as it can be observed in Fig. 4 and in ESI † (Fig. S7 and Fig. S8 ). Conversion efficiencies were achieved by using the same quantity of MPSA:OT covered AuNPs in the reaction medium, as determined by optical absorption (ESI †). Two reasons may explain the superior activity of the hierarchical nanospheres. Firstly, MPSA:OT coated AuNPs are not colloidally dispersible in the reaction medium, whilst the hierarchical nanospheres are very well dispersed and act as both homogeneous and heterogeneous catalysts (ESI, † Fig. S11 ). Since the hierarchical nanospheres are homogeneously dispersed in the reaction medium, MPSA ligands located at the periphery of the self-assembled monolayer (SAM) behave as if molecularly dissolved. Secondly, since MPSA:OT covered AuNPs are attached to the silica surface forming a homogeneously distributed uniform layer (without creating aggregates), interactions of the sulfonate head groups with the substrate were promoted in higher amounts in the case of hierarchical nanospheres when compared with MPSA:OT protected AuNPs.
In order to examine the reusability of the synthesized hierarchical nanospheres, the particles undergo two more cycles. Fig. 4 shows that hierarchical nanospheres maintain their ability to catalyse the reaction with high efficiency compared to the control experiment after several uses (34% for the second run and 27% for the third run), as shown in Fig. S9 and Fig. S10 (ESI †) . However, there is a decrease in the activity after each run. The third run exhibits a similar catalytic activity compared to MPSA:OT covered AuNPs. To understand the reason behind this decrease, a TEM sample of hierarchical nanospheres is prepared from the third acidification reaction prior to the cleaning step (magnetic decantation). Free AuNPs identified on the TEM images suggest that this loss can be attributed to the decrease in the number of MPSA:OT covered AuNPs on the surface of hierarchical nanospheres after each run. On the other hand, there is no pronounced morphological change of hierarchical nanospheres (ESI, † Fig. S12 ). We consider that the detachment of the MPSA:OT covered AuNPs from the silica surface might be caused by the desorption of the thiol group of the anchoring ligand, N-hydroxysuccinimidyl 11-mercaptoundecanoate, from the gold surface.
In summary, we present a novel approach for synthesizing well-defined Fe 2 O 3 @SiO 2 @Au nanospheres. These hierarchical nanospheres are promising catalytic agents for esterification reactions since they can be recovered and reused with the help of an external magnet and they display characteristics of both homogenous and heterogeneous catalysts. They showed a pronounced increase on the conversion of BzOH to BzAc compared to the MPSA:OT covered AuNPs. Studies to improve the catalytic efficiency of these nanospheres further are in progress.
